The genus Phytopythium (Peronosporales) has been described, but a complete circumscription has not yet been presented. In the present paper we provide molecular-based evidence that members of Pythium clade K as described by belong to Phytopythium. Maximum likelihood and Bayesian phylogenetic analysis of the nuclear ribosomal DNA (LSU and SSU) and mitochondrial DNA cytochrome oxidase subunit 1 (COI) as well as statistical analyses of pairwise distances strongly support the status of Phytopythium as a separate phylogenetic entity. Phytopythium is morphologically intermediate between the genera Phytophthora and Pythium. It is unique in having papillate, internally proliferating sporangia and cylindrical or lobate antheridia. The formal transfer of clade K species to Phytopythium and a comparison with morphologically similar species of the genera Pythium and Phytophthora is presented. A new species is described, Phytopythium mirpurense.
INTRODUCTION
The genus Pythium as defined by Pringsheim in 1858 was divided by into 11 clades based on molecular systematic analyses. These clades are generally well supported by morphological features. In particular, Pythium species belonging to clade K were observed to be phylogenetically distinct from the rest of the Pythium spp. and showed combined features of both Pythium and Phytophthora. The unique phylogenetic placement of species belonging to clade K has been recognised since the beginning of sequence-based phylogenetics. Briard et al. (1995) and Cooke et al. (2000) showed that Pythium vexans was clearly different from other Pythium spp. and Phytophthora using the ribosomal large subunit (LSU) and internal transcribed spacer (ITS), respectively. In a multigene study, Villa et al. (2006) showed that Pythium species belonging to clade K were closely related to Phytophthora. The uniqueness of this clade was also supported by Bedard et al. (2006) by analysis of the organisation of the 5S gene family. In species in clade K, the 5S rRNA genes were predominantly linked to the rDNA repeat mostly in tandem arrays in the same orientation as the rRNA genes.
Phytopythium is a new genus in the family Pythiaceae, order Peronosporales that was described with Phytopythium sindhum as the type species by Bala et al. (2010b) . They showed that Phytopythium sindhum is a member of clade K. Uzuhashi et al. (2010) divided Pythium into five new genera and assigned the name Ovatisporangium to the members of clade K, this name, however, is a later synonym of Phytopythium. Phytopythium therefore has priority. The objective of the present study is to establish which species belong to clade K and to make new taxonomic combinations for these species. To achieve this goal, phylogenies based on nuclear LSU rRNA (28S), SSU rRNA (18S) and mitochondrial DNA cytochrome oxidase1 (COI) as well as statistical analyses of the pairwise distances from these datasets were prepared with an extensive coverage of the oomycetes containing almost all Pythium and Phytophthora species available in culture. The ITS gene region was also used to ascertain the position of all possible species in clade K but not for phylogeny since it is too variable to align sequences between Pythium and Phytophthora. Diagnostic morphological features of the group are also presented and discussed.
MATERIALS AND METHODS

Morphological studies
The strains used for the phylogenetic study were morphologically examined to verify their identity and to find the characteristic features of the group. The methods used for cultivation of the strains for study of morphology and zoospore development are the same as described by .
DNA extraction, amplification and sequencing
Almost 300 strains of Pythium, Phytopythium, Phytophthora, Halophytophthora and Albugo were used in this study (Table 1) . DNA was extracted using the protocols as described in Bala et al. (2010a) . PCR amplifications for the rDNA LSU and ITS1-5.8S-ITS2 regions and mitochondrial DNA COI were done using the protocols and primer sequences as provided in Robideau et al. (2011) . The SSU region was amplified using forward primer NS1 (5'-TAGTCATATGCTTGTCTC-3') (White et al. 1990 ) and reverse primer OomLo5.8S47B (3'-CGCATTACG-TATCGCAGTTCGCAG-5') (Mazzola et al. 2002) , with an initial denaturation at 95 °C for 3 min, 35 cycles of denaturation at 95 °C for 30 s, primer annealing at 55 °C for 45 s, elongation at 72 °C for 2 min and final elongation at 72 °C for 8 min. Sequencing primers used for the SSU region were NS1, NS2 (5'-GGCT-GCTGGCACCAGACTTGC3'), NS3 (5'-GCAAGTCTGGTGC-CAGCAGCC), NS4 (5'-CTTCCGTCAATTCCTTTAAG3'), NS5 
Clade 6 ---HQ708329 HQ665228 - (5'-AACTTAAAGGAATTGACGGAAG3') and NS8 (5'-TCCGCA-GGTTCACCTACGGA3') (White et al. 1990 ) as well as Oom_Lo-5.8S47 (5'-ATTACGTATCGCAGTTCGCAG3') (Man in 't Veld et al. 2002) for full bidirectional coverage. Sequencing reactions were prepared using the Big Dye Terminator (BDT) v. 2 protocols (Applied Biosystems, Foster City, CA). Sequencing of the PCR product was performed in an Applied Biosystems Prism Genetic Analyzer model 3130XL.
Phylogenetic analyses
Sequences were edited manually using the DNAStar Lasergene 9 Suite (Bioinformatics Pioneer DNAStar, Inc., WI) or Geneious v. 6.1.6 (Biomatters http://www.geneious.com/). Multiple alignments of each gene region were generated using MAFFT (Katoh et al. 2005) . The genera included in the phylogenetic analyses were Albugo, Halophytophthora, Phytophthora, Phytopythium and Pythium. Isolates of Albugo candida from the order Albuginales were included as an outgroup.
In order to include the maximum molecular data for clade K Pythium the invalid species Pythium sterile and Pythium megacarpum as well as two strains of the novel species Phytopythium mirpurense are considered in a cladogram generated based on ITS sequence data. Pythium ultimum from clade I and Pythium dimorphum from clade H are outgroups in these analyses and representatives of Phytophthora, P. infestans, P. ramorum and P. sojae are included. The aligned data matrix from 23 strains contained 1 096 characters from the ITS1, ITS2 and the 5.8S gene.
The aligned data matrices were assessed to find the best-fit model of nucleotide substitution using jMODELTEST (Posada 2008) . In each case this was identified as General Time Reversible (GTR+I+G). Redundant sequences were identified and those with 100 % identity to other included taxa were removed from the analyses. These duplicates are catalogued in Table  2 . The aligned data matrices contained 1 374 bp of D1-D3 regions of LSU with 176 strains, 1 724 bp of SSU rRNA with 159 strains and 680 bp of COI with 174 strains. The sequence alignments were subjected to maximum likelihood analysis using the GTR+I+G substitution model and the Best option for tree topology search with PhyML v. 3.0 (Guindon & Gascuel 2003) to obtain ML trees which were rooted to Albugo (LSU, COI and SSU) or Pythium (ITS). Nonparametric ML bootstraps were calculated with 1 000 bootstrap replicates. Bayesian inferences (BI) were generated using MrBayes v. ed.ac.uk/software/figtree/) was used to view and edit ML and Bayesian phylo genetic trees. Consensus trees were generated using the 50 % majority rule tree criteria and rooted to Albugo (LSU, COI and SSU) or Pythium (ITS).
Statistical analyses of pairwise distances
The alignments of COI, LSU and SSU used for phylogeny were also used to generate pairwise distance as was done for DNA barcode analyses (Robideau et al. 2011 , Schoch et al. 2012 . Statistical analyses and plots were performed with R (R Development Core Team, 2011). All pairwise distances involving a Phytopythium species against Pythium or Phytophthora were extracted, i.e. all pairwise distances involving any two Phytopythium species were excluded. An arcsine transformation of the distances was done to improve the variance homogeneity. ANOVA using 'lm' was done with markers (COI/LSU/SSU), genera (Phytophthora/Pythium) or clades (clade 1-10 and A-J) as variables. Plots were generated with 'ggplot' for R. The 0.05 confidence interval for 60 multiple comparisons was adjusted using the Bonferoni method. The average pairwise distance by marker was normalised to remove the bias from the difference in number of species between Pythium and Phytophthora.
Isolation and identification of Phytopythium mirpurense
Stagnant water was collected and immediately brought to the laboratory for the isolation of oomycetous fungi by the baiting technique of Harvey (1925) . Grass blades, dicot leaves, hemp seeds, sesame seeds, lemon leaf and young cucumber stems were used as baits. Plates were incubated at room temperature, between 22 -25 °C. Hyphae were observed on the baits after 5-8 days of incubation. The baits were rinsed in sterilised water to remove excess contaminants and transferred to fresh plates half-filled with sterile water. New fresh baits were then added and monitored daily for colonisation by oomycetes. After 2 d of incubation, the baits colonised by oomycetous fungi were transferred onto corn-meal agar (CMA) medium for purification by hyphal tip transfer. To obtain a pure culture a small disc of the CMA culture was placed into the centre of water agar plates. After 15-24 h growing apical hyphae were cut with the aid of a microscope in the laminar flow hood and transferred onto the surface of a fresh plate containing culture media.
For the assessment of cardinal temperatures, the isolates from this study were sub-cultured in two replicates on CMA in 90 mm Petri plates, and incubated at 10, 15, 20, 25, 30, 35 and 40 °C for 5 d. Radial growth was measured daily along two lines intersecting the centre of the inoculum. Isolates were also grown on potato dextrose agar (PDA), potato carrot agar (PCA), CMA and corn meal dextrose agar (CMDA) in 90 mm Petri plates (recipes according to Crous et al. 2009 ), and colony characteristics were assessed after incubation for 5 d at 25 °C.
Water cultures for zoospore and sporangial production were prepared by adding an inoculum disc and a grass blade to sterile water in a Petri plate and incubating at 25 °C. Biometric values i.e aplerotic index, ooplast index and wall index were determined for 20 oogonia with the method described by Shahzad et al. (1992) .
RESULTS AND DISCUSSION
Morphological comparison of Phytopythium with Phytophthora and Pythium
Most species in the genus Phytopythium produce papillate, internally proliferating sporangia (Fig. 1) . The shape of the sporangia is more or less similar to the shape of papillate Phytophthora sporangia: (sub-)globose to ovoid and papillate (Fig.  1) . However, in Phytophthora the papillate sporangium type never shows internal proliferation. The combination of internal proliferation and papillation ( Fig. 1 ) is unique to sporangia of Phytopythium and some Pythium species (see below). Also, the papillae in Phytopythium are different from the papillae in Phytophthora sporangia. In Phytopythium the sporangia are initially non-papillate, and the papillae develop at maturity and do not consist of a hyaline 'apical thickening' as in Phytophthora (Blackwell 1949) . They may grow out to form a shorter or larger discharge tube (Fig. 1d, f , g, i, j), which does not occur in Phytophthora. In some species the papilla is not the place where the plasma flows out, rather one or more discharge tubes are formed more basally of the sporangium. In some species the papilla grows out and develops branches (Fig. 1e) . Another difference with Phytophthora is the zoospore discharge which is pythium-like in Phytopythium: the plasma flows out of the sporangium through a discharge tube to form a plasma-filled vesicle at the tip. Zoospores are developed outside the sporangium, within the vesicle membrane and are released after rupture of the membrane (Fig. 1a) . According to Marano et al. (2014) , Phytopythium kandeliae has zoospore release mostly like Pythium and occasionally in between Pythium and Phytophthora: zoospores developed (partly) inside a sporangium and partly in a vesicle.
Another unique characteristic of Phytopythium is the shape of the antheridium (Fig. 2) . In most species the antheridia are elongate, cylindrical, often with constrictions. The fertilisation tube is mostly not apical but in 'navel position' (Fig. 2a-d , arrows). Occasionally club-shaped antheridia with apical attachment occur. In P. vexans, the antheridia are often very broadly attached to the oogonium and lobed (Fig. 2e, f ).
Papillate sporangia with internal proliferation also occur in a small number of Pythium species: three members of clade E (P. marsipium, P. middletonii, P. multisporum), one member of clade G (P. nagaii) and clade C (P. grandisporangium) and all members of clade H (P. anandrum, P. dimorphum, P. helicandrum, P. prolatum, P. undulatum) . However, none of these species except three has elongate, cylindrical or lobate antheridia. Only P. helicandrum has elongate antheridia, however, this species has ornamented oogonia and much bigger sporangia than any of the species in Phytopythium. Pythium marsipium has bell-shaped antheridia as they occur in Phytopythium vexans, however, its sporangia are utriform instead of ovoid. Pythium grandisporangium has lobate antheridia but this is a marine species with extremely large sporangia with a tapering neck rather than a distinct papilla.
Phylogenetic position of Phytopythium
Maximum likelihood analyses of nuclear (LSU and SSU) and mitochondrial DNA (COI) with Bayesian probability values mapped onto the trees are shown (Fig. 3A-C) . These cladograms place all the strains belonging to the genus Phytopythium as a monophyletic group with bootstrap support (85-100 %) and high probabilities (0.99-1.00). Phylogenetic trees of the LSU and COI regions support this group as intermediary between Phytophthora and Pythium. There is phylogenetic support with two of the genes to group Phytopythium with Phytophthora (95 % / 1.00 for LSU and 79 % / 0.99 for COI). The SSU tree has Pythium clades A-D as grouping closer to Phytophthora and Halophytophthora, with very low bootstrap support and proba bilities (< 50 % / 0.65). This suggests that given the SSU data set, the major clades are unresolved in relation to the outgroup.
Our results from phylogenetic analysis of nuclear (LSU and SSU) and mitochondrial (COI) genes with all available species of Pythium and Phytophthora support that Phytopythium is a distinct genus. Its placement as intermediate between Pythium and Phytophthora is supported by two of these datasets. In the three gene trees, this new genus clade was strongly supported by both ML bootstrap replicates and Bayesian probability values, which unambiguously confirmed the status of Phytopythium as a novel monophyletic genus. The maximum likelihood and Bayesian analyses did not clearly delineate the relationships between the different groups in the part of the oomycete evolutionary tree we focused on. Inclusion of some of the more basal groups such as the Salisapiliaceae (Hulvey et al. 2010 ) and additional markers in future analyses would likely lead to greater resolution of these relationships.
The ITS tree (Fig. 4) shows that the two strains of species P. mirpurense are both well embedded within Phytopythium with strong support (91 % / 0.96) and demonstrated the close relationships between P. litorale and Pythium sterile (100 / 1) as well as Phytopythium boreale and Pythium megacarpum (99 / 1).
Statistical analyses of pairwise distances
Markers, genera and clades as well as interactions between them all had a significant effect on pairwise distances of Phytopythium against Pythium and Phytophthora species (p < 10 -15
). The average pairwise distance of all Phytophthora species against all Phytopythium species using COI was 13.7 % whereas it was 14.5 % for all Pythium species against all Phytopythium, showing that Phytopythium is significantly closer to Phytophthora than Pythium (p < 10 -16 ). For LSU, these differences were 10.4 % and 10.9 %, respectively, and were also significant (p < 10 -16 ). For SSU, the trend was reversed, still significant, with the average pairwise distance between Pythium and Phytopythium being 2.5 % whereas the average between Phytophthora and Phytopythium was 2.7 %. The clade effect was significant, including a significant interaction with markers; therefore, the results are presented by clades and markers in Fig. 5 . Each clade is compared against Phytopythium to show clades that have a significant difference from the average pairwise distance. The significant trend of Phytopythium being closer to Phytophthora clades than Pythium clades can be seen with COI and LSU whereas it is more difficult to visualise the reverse trend in SSU. With all markers, Pythium clades H and I were significantly closer to Phytopythium than were the other Pythium clades but for SSU there were three additional clades (B, F and G) that were significantly closer to Phytopythium than were the other clades. 
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Strains used in circumscription of the genus
There are two invalid species that were investigated for the sake of examining the complete range of Pythium species from clade K, namely Pythium megacarpum and P. sterile. Pythium megacarpum is an invalid species because no type was indicated at the time of publication. placed it as potentially synonymous with Phytopythium boreale and in the barcode analyses of Robideau et al. (2011) There were some clade K species which were not included in the phylogenetic analyses presented here. In the studies by and Robideau et al. (2011) the species Pythium indigoferae appeared in clade K, which is now the genus Phytopythium. In stark contrast to the other species in clade K, Pythium indigoferae produces filamentous sporangia according to its original description (Butler 1907 ).
The strain of Pythium indigoferae in the study of was the strain CBS 261.30 which was used by 0.3
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Phytopythium delawarense CBS123040 van der Plaats-Niterink (1981) A new species of Phytopythium was isolated from water samples collected in District MirpurKhas of Sindh province, Pakistan. It is described and illustrated here as P. mirpurense (see section New Species). Genetically, Phytopythium mirpurense is shown to nestle within the genus Phytopythium, in all of the phylogenetic trees presented. The most obvious morphological characters of this new species are the proliferating, subglobose sporangia, terminal and intercalary oogonia, antheridia with lengthwise application to oogonia over their entire length, aplerotic to nearly plerotic oospores, and high optimum temperature for growth. These characters are shared with many other members of Phytopythium. The main differentiation of this species is shown through the molecular analyses of DNA sequences and the phylogenetic trees (Fig. 3, 4) .
Halophytophthora s.l. is a heterogenous, polyphyletic genus (Hulvey et al. 2010 ) with species of marine origin. Two species of this genus clustered within the clade of Phytopythium: H. operculata (originally described as Phytophthora operculata) and H. kandeliae. Further, only species of Halophytophthora s.str. (Hulvey et al. 2010) show some morphological similarity to Phytopythium. However, their sporangia are in average two or more times the size of sporangia in the Phytopythium species (length av. 64-117 µm, resp. 20-40 µm). They develop zoospores inside the sporangium and not in a vesicle like Pythium, though the formation of a vesicle may be part of the release process. Moreover, no internal proliferation was observed in these species. Halophytophthora kandeliae was previously transferred to Phytopythium (Marano et al. 2014 , Thines 2014 Phytopythium against pairwise distance Fig. 5 Analysis of all pairwise distances containing only one representative of each Phytopythium sp. The dotted lines represent the average of all these pairwise distances for each marker, adjusted to remove the bias for the difference in species number between Pythium and Phytophthora. The bars represent 95 % confidence intervals corrected by the Bonferoni method for 60 comparisons. The analysis was done with arcsine transformation, therefore, the averages as well as the upper and lower boundaries of the intervals were transformed back to actual pairwise distances for the plot. Intervals that are not touching the average dotted line are significantly below or above the average, i.e. closer to or more distant to Phytopythium, respectively.
the ITS sequence of the type strain of H. kandeliae from ATCC and this sequence was identical to that of CBS 111.91 and 113.91. We have then included data from strain CBS 113.91 in our analyses here and are certain that it well represents the systematic placement of Phytopythium kandeliae. There are some difficulties with Halophytophthora operculata's lack of fit in this clade by morphological measures and we have decided not to rename it at this time. This marine species has zoospore development fully within the sporangium; no vesicle occurs. Zoospore discharge is unique, via an operculum at the apex of the sporangium and no internal proliferation was observed. The size of the sporangia is significantly much larger than those of the Phytopythium species (up to 175 um). The strain CBS 241.83, which is the ex-type strain of H. operculata, did not sporulate during our investigations, so the identity of the strain could not be confirmed. However the current molecular data available about this strain, the sequence data presented here and the organisation of the 5S gene family as reported by Bedard et al. (2006) , does indicate that it belongs in a monophyletic circumscription of Phytopythium. More investigation of this species is clearly required in order to confirm its identity.
New combinations were deposited in MycoBank (see below in section Taxonomic and Nomenclatural Changes; Crous et al. 2004 ).
CONCLUSIONS
The genus Phytopythium was first proposed to the community in 2008 (see www.phytophthoradb.org/pdf /O8LevesquePM. pdf) and it was formally published in June 2010 (Bala et al. 2010b) , with Phytopythium sindhum as the type species. In 2010, Uzuhashi et al. (2010) proposed another name Ovatisporangium for clade K using a partial sampling of Pythium and Phytophthora species and published their findings in September of 2010. Comparison of their circumscription of the genus Ovatisporangium to our molecular analyses clearly shows that the type of Phytopythium, P. sindhum is a member of the group described as Ovatisporangium ( Fig. 1, 2) . Ovatisporangium is thus recognised as a synonym of Phytopythium.
We demonstrated with three different phylogenetic markers that all species belonging to Pythium clade K represent a monophyletic genus that includes the type species of the previously described genus Phytopythium. The taxonomic circumscription of other Pythium clades remains unresolved. The species with filamentous and globose sporangia are well separated as reported before in many studies, however, both LSU and COI suggest that clades A -J could be divided into subgroups but provide no support for any particular arrangement. The inclusion of species from other genera closely related to Pythium such as Pythiogeton, Lagenidium or Myzocytiopsis can change these conclusions but clade support remains very low (Schroeder et al. 2013 , Hyde et al. 2014 . Therefore, we recommend avoiding any further changes in the generic status of Pythium Pringsheim species belonging to clade A -J until better phylogenetic markers are found and multigene phylogenies are available with the closely related genera. Etymology. Named after combined features of the genera Phytophthora and Pythium.
TAXONOMIC AND NOMENCLATURAL CHANGES
Common morphological characteristics of the species of Phytopythium are globose to ovoid shape of sporangia, often with a more or less distinct papilla or non-papillate and often proliferating internally like those in Phytophthora with non-papillate sporangia. Zoospore discharge is like Pythium. Most species have large, smooth oogonia, thick-walled oospores, and 1-2 elongate or lobate antheridia, laterally applied to the oogonium. Cultures are mostly homothallic, occasionally sterile.
Notes -Phytopythium (Bala et al. 2010b ) is emended to include species of Pythium in clade K from and described after that. It is morphologically and phylogenetically between Pythium and Phytophthora.
NEW COMBINATIONS
Phytopythium boreale (R.L. Duan) Abad, De Cock, Bala, Robideau, Lodhi & Lévesque, 
